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Abstract The nondestructive Magnetic Barkhausen Noise
(MBN) technique was applied for the evaluation of SAE
4140 and SAE 6150 steels after a Jominy end-quench test.
Microstructures were also characterized by SEM (Scanning
Electron Microscope) and hardness tests. MBN measure-
ments were performed on the same sample regions at three
excitation frequencies. Different parameters of the measured
signals (signal peak position and height, and Root mean
square) were calculated. A relationship between mechanical
hardness and MBN parameters was found for both materi-
als, with the best correlation coefficient being found in low
excitation frequency range.
Keywords Barkhausen noise · Hardness measurement ·
Microstructure · Magnetic non-destructive testing
F.A. Franco ()
Sociedade Educacional de Santa Catarina, Mestrado em
Engenharia Mecânica, Rua Albano Schmidt, 3333, Joinville,
SC 89.206-001, Brazil
e-mail: frefranco@gmail.com
M.F. González
Department of Metallurgical and Materials Engineering,
Engineering School, University of São Paulo, SP, Av. Prof. Mello
Moraes, 2463, 05508-030 São Paulo, Brazil
M.F. de Campos
EEIMVR—Universidade Federal Fluminense, Av dos
Trabalhadores 420 Vila Santa Cecilia, Volta Redonda,
RJ 27255-125, Brazil
L.R. Padovese
Department of Mechanical Engineering, Engineering School,
University of São Paulo, SP, Av. Prof. Mello Moraes, 2231,
05508-900 São Paulo, Brazil
1 Introduction
A Jominy test is a typical hardenability test for steels.
A Jominy test predicts the hardenability using hardness mea-
surements in a quenched bar as a basis, and is a simple and
practical test [1]. However, the Jominy test requires the mea-
surement of hardness, and this is time consuming and expen-
sive. The Jominy test is very relevant for industry [2] and
there is research aiming the theoretical prediction of hard-
ness at different points of the Jominy bar [3]. The verifica-
tion of these models request hardness measurements. Neu-
ral networks have been used for the extrapolation of Jominy
test data [4]. Frequently, data from the Jominy test are ex-
trapolated to true pieces. The measurement of hardness in
the produced piece is useful for quality control, but this may
not be feasible. There are problems, like the complicated ge-
ometry of the sample not allowing a hardness measurement
in hardness machines. Besides, hardness tests are somewhat
destructive, producing an impression in the specimen for
each measurement.
Thus, it is of great interest that an alternative method be
found for the hardness measurements. This can be achieved
with the nondestructive Magnetic Barkhausen Noise (MBN)
Test, as discussed further in this study. MBN is very rapid,
easy and practical, allowing an estimate of the hardness even
in the production line.
For steels, there is a relationship between mechanical and
magnetic properties. Already in the XIX century, it was dis-
covered that hard steels also present a large hysteresis area,
and that soft steels, on the other hand, present a small hys-
teresis area. This is the origin of the names hard magnetic
materials and soft magnetic materials [5]. Magnetically soft
steels have this name because they can be easily magnetized,
and this happens due to the free movement of the domain
walls. However, magnetically hard steels have crystalline
defects, which make difficult the domain wall moving.
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The analogy between hard and soft (for both mechan-
ical and magnetic behavior) is because of the crystalline
defects. The same defects that usually produce pinning of
dislocations—and increase hardness—also produce pinning
of domain walls. However, dislocations are linear defects
(1D—one-dimensional) of only 5 Angstroms (thickness),
and domain walls are in fact 3D (three-dimensional) defects,
with thickness of ∼1000 Angstroms for iron and steels.
Thus, for example, a puncture defect as a vacancy may pin
a dislocation, but it cannot pin a domain wall. But many de-
fects, such as grain boundaries, interfaces, inclusions and
dislocation cells, can stop both dislocations and domain
walls, and this phenomenon thus increases both the mag-
netic and mechanical hardness.
Soft magnetic materials have high magnetic permeability,
and this happens because the domain walls can move easily.
In the case of heat treated and quenched steels, there has
been found a connection between initial permeability and
RMS (root mean square) of MBN [6]. The same relation
can be used to estimate mechanical hardness.
Inside ferromagnetic materials there is a random distri-
bution of magnetic domains in which magnetic moments
are aligned normal to the axis of easy magnetization of
the crystalline structure. When these materials are sub-
jected to a variable magnetic field, the size and direction of
magnetic domains change due to domain wall movements.
Barkhausen [7] reported that the domain wall movement
produces a noise, which can be detected as a voltage pulse
induced in a pickup winding coil placed around the material
sample or on its surface. This noise is the so-called magnetic
Barkhausen noise (MBN).
Martensite is very hard because many crystalline defects
appear when the transformation of austenite to martensite
takes place. These defects may stop the movement of either
dislocations or domain walls. The martensite transformation
leads to (i) a large number of interfaces, (ii) carbon in solid
solution generating stress in the lattice, (iii) a high density
of dislocations [8].
Products of the decomposition of the austenite show
increasing hardness with increasing cooling speed after
austenitization, as seen in the CCC (Continuous-Cooling-
Curves) [9]. The following hardness relationship can be ob-
served:
Martensite > bainite > pearlite > ferrite
Bainite is a constituent with large number of interfaces, and
with hardness intermediate between martensite and pearlite.
In general, when the steel microstructure is finer, the harder
is the material, because the interfaces act as obstacles for
dislocations. If the grain size is very small, in the nanocrys-
talline size, another mechanism for magnetization rever-
sal can happen: domain rotation [8]. The Barkhausen noise
emission is smaller for domain rotation rather than for do-
main wall movement [10]. Several authors [11, 12] have
confirmed that plastic deformation, with the consequent
presence of dislocations in the lattice, also significant re-
duces the Barkhausen noise emission [13].
Due to its sensitivity to microstructure variations, the
MBN has been used as a nondestructive testing technique
(NDT) for ferromagnetic materials in different studies. One
interesting application of MBN is for evaluation of resid-
ual stresses [14–16]. There are two main types of residual
stress, macro-residual stress and micro-residual stress (also
called of the first kind and of the third kind residual stress,
respectively) [16–18]. The large XRD peak broadening af-
ter martensitic transformation suggests significant micro-
residual stress, caused by the high density of dislocations
and carbon in solid solution [8]. The magnitude of macro-
residual stress and micro-residual stress in cold-rolled low
carbon steels were compared and it was found that the cold
rolling process introduces significant micro residual stress
(of the 3rd kind) [18]. For low carbon steels, which are
magnetostrictive positive, macro compressive stress (of 1st
kind) results in reduction of the MBN, whereas macro ten-
sile stress (of 1st kind) increases the MBN signal [13, 19].
In many cases, the dominant stresses are the micro-residual
stress (of the 3rd kind), as previously discussed [8, 18].
MBN measurements have shown high sensitivity and
agreement in relation to classic techniques used to measure
residual stresses. Meyendorf and Roesner [20] evaluated ef-
fects of mechanical hardness and residual stresses by both
x-ray diffraction and MBN methods, and found good corre-
lation. Capo-Sanchez et al. [21] found that the magnetic easy
axis can be predicted by analyzing the angular distribution
of the magnetic Barkhausen noise energy, and the applied
uniaxial stress gives origin to a continuous rotation of the
magnetic easy axis. In relation to plastic and elastic defor-
mation effects, Stefanita et al. [22] have shown that MBN
initially increases with elastic stress and then decreases at
very high plastic stress levels, and that elastic effects are far
more significant. Alberteris Campos et al. [23] indicated that
the magnetic anisotropy coefficient (based on MBN) can be
used to characterize the linear and nonlinear elastic limits of
the material under tensile stresses. MBN is also sensitive to
grain size. Anglada-Rivera et al. [24] reported that the am-
plitude of the MBN voltage decreases with grain size, essen-
tially due to the fact that for fine grain samples, the number
of domains walls that can move is much larger than in the
samples with coarse grain. Studies of fatigue damage using
MBN signals have also been reported by Moorthy et al. [25]
and Palma et al. [26].
Several studies have described the use of MBN to charac-
terize steel and cast iron microstructures affected by differ-
ent heat treatments. For example, Altpeter [27] estimated the
amount of cementite in white cast iron by means of MBN.
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Table 1 Chemical composition of the studied materials (wt%)
Steel C Mn Si P S Cr Ni Mo V Al Cu N
SAE-4140 0.390 0.870 0.240 0.021 0.026 0.980 0.020 0.170 – 0.035 0.010 0.005
SAE-6150 0.520 0.820 0.190 0.010 0.007 0.930 0.120 0.020 0.169 – – –
Gur and Cam [28] have shown that the magnitude and posi-
tion of Barkhausen noise peaks are affected by microstruc-
tural changes induced during several heat treatments for
SAE 1040 and SAE 4140 steels. In another study, Davut and
Gur [29] tempered SAE 5140 steel samples for temperatures
between 200 °C and 600 °C; the results showed that when
quenching temperature increases, the Barkhausen activity
also increases due to softening of martensite. Additionally,
in studies conducted by Kleber et al. [30], ferrite-martensite
steel structures that appear as a consequence of some heat
treatments have also been characterized by MBN since the
Barkhausen noise easily distinguishes the two phases, fer-
rite and martensite. Also, magnetic measurements were ef-
fectively used by Kaplan et al. [31] for studying microstruc-
tural changes in quenched AISI 8620 steel specimens. Sum-
marizing, there is a clear trend indicating that when marten-
site volume fraction increases the MBN emission decreases,
which should be attributed to occurrence of domain rotation
in the martensite [8, 32].
The aim of the present study is to characterize steel
microstructures by evaluating, through the Barkhausen
method, a continuous microstructure profile change, pro-
duced in a single sample by the Jominy end-quench test.
The characterization is carried out for two types of structural
steels: SAE 4140 and 6150. This provides another example
of the versatility of the MBN method.
2 Material and Methods
2.1 Materials
SAE-4140 and the SAE-6150 steel samples, of chemical
composition presented in Table 1, were used in the experi-
mental tests. For both materials, cylindrical samples (25 mm
in diameter, and 101.6 mm in length) were manufactured for
the Jominy end-quench test according to the ASTM-A225
standard (1999) [33] (for future reference in this paper, the
surface in contact with water jet will be called WJ). The
studies were carried out in the longitudinal central region
of samples, since microstructural variations generated in the
longitudinal region were supposed to be more representa-
tive than those on the sample surface, due to the fact that
the cooling rate was less heterogeneous in this central re-
gion. Therefore, after the heat treatment, samples were cut
in two halves, along the longitudinal direction. Cuts were
Fig. 1 Experimental setup
made by an abrasive disk cutting machine under low speed
and refrigeration, in order to avoid possible modifications in
the sample microstructure. After the cut, the surface layer
(1 mm) was removed by polishing.
2.2 Measuring Techniques
2.2.1 Magnetic Barkhausen Noise (MBN)
MBN measurements were carried out via a piece of portable
equipment, named “Barktech”, developed in our laboratory.
Figure 1 shows a simplified sketch of this equipment. A si-
nusoidal wave current was applied to the MBN probe, with
0.8 A amplitude and 5, 10 and 20 Hz frequencies. The MBN
signal was measured with a pick-up coil of high sensitiv-
ity (with 1000 turns of 0.05 mm diameter wire). The MBN
sensor signal was amplified, band pass filtered (1–100 kHz),
and sampled at a 200 kHz frequency.
The MBN measurements were made in the central region
of a longitudinal flat sample surface at points located at each
1.58 mm on the quenched surface. Each measurement is
composed of MBN signals generated in two complete mag-
netization cycles. Different parameters of measured signals
were calculated as the Peak position relative to the applied
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Fig. 2 Hardness measurement positions in each sample
current and maximum Peak height of signal shape and MB-
Nrms. A smoothing by sliding average method was used
for obtain MBN signal shape (envelope). Each measurement
condition was repeated 10 times.
2.2.2 Hardness
Rockwell C (HRC) hardness measurements were obtained
by an Otto Wolpert-Werke equipment with a 1471.5 N load.
The measurements were made at the same positions as the
MBN measurements, i.e., at each 1.58 mm on the quenched
surface. For each position (at each 1.58 mm), three hardness
measurements were taken. Figure 2 illustrates the sample
measuring positions.
2.2.3 Microstructural Analysis
Microstructural analyses were carried out in regions located
at different distances from the WJ surface (see Fig. 2). The
sample surface was metallographically polished (Fig. 2), re-
moving up to 1 mm depth. Nital at 3 % was used to etch the
samples. Sample images were obtained by a Philips Scan-
ning Electron Microscope, modelLX30.
3 Results and Discussion
Figures 3 and 4 show the microstructure of SAE-4140
and SAE 6150 steels, respectively. Each photograph repre-
sents a specific position with reference to surface WJ. High
cooling rates, in regions situated at short distances from
the quenched surface, give rise to greater concentration of
martensite.
The microstructure of the 4140 steel, at a 11.11 mm dis-
tance from the WJ surface, is mainly composed of marten-
site and bainite. These phases are axially oriented in the
sample. Dark areas are identified as martensite (see Fig. 3a),
as reported by Gur and Cam [28]. At 19.05 mm distance,
a smaller amount of martensite is found, with an increase
of bainite amount (Fig. 3b). Due to a lower cooling rate
in this region, the transformation tends to produce bainite.
As the distance increases to 23.81 mm (Fig. 3c), the mi-
crostructure is formed mostly of bainite and other dual phase
(ferrite and cementite) constituents resulting from austenite
(a)
(b)
(c)
Fig. 3 Jominy sample micrographics of SAE-4140 steel for regions
located at different distances from the surface WJ; (a) 11.11 mm,
2000X, (b) 19.05 mm, 2000X, (c) 23.81 mm, 2000X, (d) 34.92 mm,
2000X, and (e) 41.27 mm, 2000X
decomposition and less by martensite. The regions at dis-
tances of 34.92 mm and 41.27 mm (Figs. 3d and 3e) show
less martensite as well as larger amounts of bainite and other
constituents resulting from austenite decomposition.
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(d)
(e)
Fig. 3 (Continued)
SAE-6150 steel microstructural variations originated by
the Jominy test are similar to those related to SAE 4140
steel. For a 11.11 mm distance from WJ surface, the mi-
crostructure consists of martensite and bainite (Fig. 4a), with
the dark areas ascribed to martensite. As the distance in-
creases to 15.87 mm and 22.22 mm (Figs. 4b and 4c), the
smaller cooling rate reduces the martensite amount, but in-
creases the bainite. For a 34.92 mm distance, the microstruc-
ture is mainly formed by bainite and other dual phase (ferrite
and cementite) constituents resulting from the decomposi-
tion of austenite (Fig. 4d). An even larger amount of bainite
and others two-phase constituents resulting from the decom-
position of austenite was observed for a 41.27 mm distance
(Fig. 4e).
In summary, the obtained microstructures—as function
of the cooling rate—present similar behaviors for both ma-
terials SAE 4140 and SAE 6150. With increasing distance
from the quenched surface, martensite percentages are re-
duced whereas bainite and other coarser constituents result-
ing from the decomposition of austenite increase. In other
words, when cooling rate decreases, the microstructure is
coarser, with less crystalline defects, allowing free move-
ment of domain walls. In addition, the nanocrystalline struc-
(a)
(b)
(c)
Fig. 4 Jominy samples micrographics of SAE-6150 steel for regions
located at different distances from the quenched surface: (a) 11.11 mm,
2000X, (b) 15.87 mm, 2000X, (c) 22.22 mm, 2000X, (d) 34.92 mm,
2000X and (e) 41.27 mm, 2000X
ture of martensite increases the relevance of domain rota-
tion as a magnetization reversal mechanism. Domain rota-
tion generates low MBN, as previously discussed [8, 32].
Figures 5 and 6 present the envelopes of the MBN sig-
nals measured in different positions for SAE 4140 and SAE
6150 samples, respectively. In order to avoid edge effects in
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(d)
(e)
Fig. 4 (Continued)
magnetic measurements, the first point, located at 9.52 mm
was not considered in measurements.
In Figs. 5 and 6, the following aspects should be noticed:
• The MBN amplitude envelope is low in material regions
next to the quenched surface, and increases gradually as
this distance increases. These variations are caused by the
changing microstructural constituents along the sample.
In regions next to the quenched surface, a martensitic mi-
crostructure was observed, leading to significant domain
rotation. With increasing distance from the quenched sur-
face, cooling rate reduces and microstructure changes,
presenting less martensite, and increasing bainite and
other two phase (ferrite and cementite) eutectoid con-
stituents. Presence of alpha-iron (also called ferrite) al-
lows free domain wall movement, leading to higher MBN
levels. This behavior has been found for both materials
for the three excitation frequencies tested.
• The position of the MBN envelope peak was shifted from
relatively high values of applied current to low ones, so
that sample measurement points moved away from the
quenched surface. All studied cases presented similar be-
havior. Martensitic microstructure, as produced next to
the WJ surface, is magnetically very hard, and only with
high fields there is emission of MBN. Additionally, mi-
crostructures such as bainite (ferrite laths surrounded by
coarse particles of cementite), generated in regions far
from the WJ surface, produce MBN emissions for lower
magnetic fields than those observed for martensite, which
is agreement with reports of Kaplan et al. [31] and Kinser
et al. [34].
• By increasing the excitation frequency, the positions of all
envelope peaks move to lower values of applied current:
the MBN envelope peak position is directly related to the
position of the coercive field Hc, as shown by Jiles [35].
Also, by increasing the excitation frequency, eddy cur-
rents increase, which generates magnetic fields reacting
to the external field. Therefore, the Hc value tends to in-
crease with frequency, since the applied magnetic field is
high enough for the magnetic saturation be attained, as
discussed by Szczyglowski [36] and Chwastek et al. [37].
However, if the applied field is not sufficient for the mag-
netic saturation, this trend may not be observed. It should
be noted that, for low frequency values, the effect of eddy
currents is small and the dynamic movement of domain
walls is especially important in the displacement of Hc
values. Increasing the frequency, the number of active do-
main walls increases [38–40], affecting the dynamic hys-
teresis.
When MBN signals for both steels, are compared at the
same distances to WJ surface, the 4140 steel MBN is al-
ways larger for all tested frequencies (Figs. 5 and 6). One
factor that may have generated these differences can be rep-
resented by the coarse structures such as bainite constituted
by ferrite laths surrounded by cementite. Ferrite laths also
occur at longer distances from each other, which helps to
increase MBN pulses. For example, taking a 22.22 mm dis-
tance from the WJ surface, the volumetric fraction of bai-
nite for 6150 steel is smaller than that for 4140 steel. These
data indicate possibility that the formation of bainite and its
corresponding volumetric fraction (generated by the alloys
elements concentrations in the steels) could be detected us-
ing the MBN test. Nonetheless, further studies should be
performed by analyzing the joint presence of other factors
that may influence the RMB behavior, especially the resid-
ual stresses effect.
Figures 7 and 8 show the distribution of several MBN
parameters, over the length of SAE 4140 and SAE 6150
Jominy samples, for 5, 10 and 20 Hz frequencies. These
MBN parameters are peak position, peak height and MBN-
rms. In addition, HRC hardness measurement distributions
for both materials are also presented.
MBN measurements confirm the metallographic analy-
ses. Data collected for SAE-4140 and SAE-5160 Jominy
samples indicate high hardness, 52 HRC and 55 HRC, in
the martensitic region next to the quenched surface, and low
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Fig. 5 MBN profiles from
different positions of SAE-4140
sample using 5, 10 and 20 Hz
excitation frequencies
Fig. 6 MBN profiles from
different positions of SAE-6150
sample using 5, 10 and 20 Hz
excitation frequencies
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Fig. 7 Distribution of different
MBN parameters (peak position,
peak height, rms) and hardness
(HRC) measurements over the
length of the SAE 4140 Jominy
sample, obtained 5, 10 and
20 Hz excitation frequencies
Fig. 8 Distribution of different
MBN parameters (peak position,
peak height, rms) and hardness
(HRC) measurements over the
length of the SAE 6150 Jominy
sample, obtained at 5, 10 and
20 Hz excitation frequencies
J Nondestruct Eval (2013) 32:93–103 101
Fig. 9 Dependence of different
MBN parameters (peak position,
1/peak height, 1/MBNrms) on
hardness (HRC) for SAE 4140
obtained at 5, 10 and 20 Hz
excitation frequencies
hardness, 34 HRC and 38 HRC, in regions far away from
the quenched surface (bainite and other constituents).
Similarly, when measurement points are far away from
the quenched surface, values of HRC hardness measure-
ments and of MBN peak position decrease, whereas MBN
peak height and MBNrms parameters increase. All graphs
show the profile change that accompanies microstructural
variations caused by heat treatment. This phenomenon is ob-
served in both SAE-4140 and SAE-6150 steels.
In regions next to the quenched surface, the microstruc-
ture presents large amounts of martensite. The small marten-
site needles, as well as the stressed lattice full of crystalline
defects originated by the martensitic transformation, make
difficult magnetic domain wall movement. Besides, the fine
microstructure enables domain rotation as a reversal mech-
anism instead of domain wall movement [8, 32]. These con-
ditions limit MBN emissions, and then peak height and MB-
Nrms parameters show low amplitudes. Therefore, reversal
of magnetization requires strong fields, and the MBN peak
positions are situated at relatively high magnetic fields when
there is martensite [28].
With the reduction of cooling rates at greater distances
from the quenched surface, the microstructure gradually
changes with decreasing lattice defect density and marten-
site volumetric fraction. At the same time, the amount of
bainite and other constituents formed after decomposition
of austenite increase. For a region located at 41.27 mm from
the quenched surface, the microstructure presents reduced
content of martensite. Therefore, domain wall movements
became easier. In this condition, MBN emissions rise (e.g.,
peak height and MBNrms increase) and the field amplitude
necessary to reverse magnetization falls (MBN peak posi-
tion decreases).
The relationship between hardness and different MBN
parameters (peak position, 1/peak height, 1/MBNrms) ac-
quired with 5, 10 and 20 Hz excitation frequencies is shown
in Figs. 9 and 10, for SAE-4140 and SAE-5160 samples,
respectively.
The graphs of Figs. 9 and 10 demonstrate the existence
of good linear correlations between all MBN parameters and
hardness. As seen in Figs. 7–10, Peak Position is the MBN
parameter presenting the best correlation. An increase in ex-
citation frequency causes reduction of R2 linear correlation
indexes for all calculated parameters. The amount of regis-
tered pulses decreases and the MBN increases with the rise
of excitation frequency, which was also reported by Mitra
and Jiles [41], Pala and Bydzovsky [42] and Stupakov et al.
[43]. Thus, the reduction produced by increasing the exci-
tation frequency, in the calculated linear correlation coeffi-
102 J Nondestruct Eval (2013) 32:93–103
Fig. 10 Dependence of
different MBN parameters (peak
position, 1/peak height,
1/MBNrms) on hardness (HRC)
for SAE 6150 obtained at
excitation frequencies of 5, 10
and 20 Hz
cients, can be attributed to the decreasing number of regis-
tered pulses.
4 Conclusions
Measurements of Magnetic Barkhausen Noise have been
carried out to characterize the microstructure of a Jominy
test performed with SAE-4140 and SAE-6150 samples. Mi-
crostructures and values of hardness were obtained for dif-
ferent regions by a destructive conventional test. Different
MBN parameters were calculated and compared with hard-
ness measurement and microstructure analysis. The follow-
ing conclusions can be drawn:
Metallographic analyses of samples, for both tested ma-
terials, present continuous microstructure variation with dif-
ferent density of crystal defects along the measured surface,
which was submitted to different cooling rates. Insofar as the
cooling rate decreases, microstructure continuously changed
from martensite to bainite and other coarser microstructural
constituents.
For the investigated Jominy test samples, the calculated
MBN signal parameters follow the cooling gradient. There
are linear correlations between different MBN parameters
and hardness measurements.
Increasing excitation frequency (5 Hz to 20 Hz) slightly
diminishes linear correlation coefficients between different
calculated MBN parameters and hardness amplitudes. This
effect increased with excitation frequency, thus reducing the
sensitivity of the technique.
Formations of coarser structures, such as bainite com-
posed by ferrite laths surrounded by cementite can increase
MBN pulses, possibly because the ferrite laths are more
separated from each other. The data suggest the possibility
of determination of the volumetric fraction of microstruc-
tural constituents such as bainite by using the MBN test.
Nonetheless, further studies should be performed by analyz-
ing the joint presence of other factors that also influence the
RMB behavior, for example the residual stresses.
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